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Abstract 
Even though the integration of renewable energies in new buildings is technically easy, the rise of solar thermal 
systems in the French market of energy renovation is limited by recurring constraints of implementation related to the 
installation of the storage tank. This is the reason why the Integrated Solar Collector (ISC) constitutes a very 
promising concept to develop. For both new buildings and renovation of the existing buildings, the ISC gives the 
opportunity to reduce the cost of installation and operation comparatively to a conventional Solar Domestic Hot 
Water System, because of their simplicity and passive operating process (without pump, nor controller). This second 
advantage is extremely important for the development prospects of the solar thermal market which is currently 
slowed down by the level of investment. The third advantage of our new ISC is the possibility of successful 
architectural integration, contrary to the currently available solutions with the storage installed on the roof. 
 
We developed a new concept of ISC adapted to the energy renovation with a multidisciplinary approach. Its design 
took into account various aspects: architectural integration (storage bellow the collector), energy performance (solar 
heat transfer at the bottom of the storage, fully insulated storage) and technological constraints (freezing risk). The 
project made it possible to study on the one hand its global performance (stratification, solar fraction) and on the 
other hand the free convective heat transfers inside the storage cavity. The approach used both numerical 
(architectural draft and design of the prototype, global modelling, and velocity / temperature fields) and experimental 
tools (test of heat, PIV on a cavity heated at the bottom, test of the prototype). The first prototype of ISC puts forward 
very satisfactory energy performances. Improvements are possible by enhancing thermal stratification in the storage 
system. Concerning the heat pipes operation against gravity, the project highlighted the current lack of technological 
solution adapted to our needs. The study of the building integration showed the architectural opportunities given 
during the renovation (new volumes) and the technical constraints which were solved (weight, storage insulation, 
freezing). 
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1. Introduction 
The sector of the energy renovation presents a strong potential of energy saving due to the low annual 
rate of housing stock renewal. Even though the integration of renewable energies in new buildings does 
not pose a problem, the rise of solar thermal systems in the market of energy renovation is limited by 
installation constraints of the storage tank. The integrated collector storage (ISC) unit constitutes an 
interesting solution with this problem. The principle of the ISC is to have both the collector and the 
storage tank in a single system [1]. The interest of the ISC is its greater ease of installation and operation 
(passive mode) compared to traditional solar domestic hot water (SDWH) systems which present a risk of 
abnormal operation related to the temperature sensors and the parameter setting of the controller. The 
simplicity of ISC contributes obviously to their lower costs compared to SDWH. To optimize their 
performances, it is at the same time necessary to maximize heat transfers between the absorber and the 
storage tank (load period) while reducing the thermal losses of the storage, in particular for the night 
periods. Concerning the storage system, the ISC tank can be rectangular, cylindrical or tubular. In a 
cylindrical configuration, the ISC is too thick, which is disadvantageous in term of architectural 
integration. In this article, we are interested in the two other configurations. 
 
The American company “Harpiris Energy” proposes the “Sun Hides” (figure 1a). The acrylic resin 
cover is resistant to UV light. The absence of insulation on the front-side leads to high losses of the 
storage tank. The tank is of triangular form (190 litres) and is made of polyethylene, which guarantees 
lightness and corrosion resistance. It integrates a serpentine heat exchanger for heat transfers between the 
tank and domestic hot water. This ISC is conceived especially for hot climates. The Australian plastic 
manufacturer “Gough Industries” proposes the model “Hot Harry” (figure 1b).  It integrates a serpentine 
heat exchanger which avoids having a pressurized tank. The tank is made of polypropylene which is at 
the same time very light and corrosion resistant. This ISC has a transparent insulation in honeycomb 
located under the cover. The absorber is on the lower walls of the tank. According to the manufacturer, 
this configuration allows a more uniform water heating and a noticeable lower heat loss. The Brazilian 
company “Soletrol” proposes the “PopSol”. This ISC of 125 litres presents an envelope of storage out of 
thermoplastic. The transparent cover is out of polycarbonate (figure 1c). The manufacturer does not give 
more specifications on the type of exchanger, his effectiveness or the principle of operation of the system. 
However, he insists on the fact that the system is easy to install and can be used for renovation purposes 
without requiring large interventions since the system is installed in series with the traditional system.  
Greek group AST Solar Industry (FOCO) proposes an ISC with a tank placed at the upper part of the 
collector (figure 1d). This collector operates by means of thermosiphon heat pipes and the fluid used is 
ethanol. The collector resists the freezing conditions until -60° C. A constraint for the good performance 
of the system is its inclination which must be ranging between 30 and 45°. The thermal load is made in 
the higher part of storage where the temperature is the highest, which is of course less interesting in terms 
of thermal efficiency [2].   
 
The photographs of the various developed ISC (figure 1) show that architectural integration deserves 
to be improved. This is why, our approach was to propose an ISC with minimal thickness and the storage 
system located under the whole surface of the collector. 
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Nomenclature 
 
A Area (m²) 
C Thermal capacity (J/K)  
Cp Specific heat capacity (J/(kg.K)) 
f Friction factor [-] 
g Gravity (9.81 m/s²) 
L Length (m) 
.
m  Mass flow rate (kg/s) 
.
q  Heat flux density (W/m²) 
T Temperature (°C) 
U  Heat transfer coefficient (W/(m².K)) 
Greek symbol 
U  Density (kg/m3) 
[  Singular pressure loss coefficient (-) 
Subscript  
a  Ambient 
c  Channel (1 and 2) 
in, out  Input, Output 
 
    
                        (a)                                                  (b)                                                (c)                                                 (d) 
Fig. 1. Various types of ISC: (a) Sun Hides; (b) Hot Harry; (c) PopSol of the Soletrol company; (d) AST Solar Industry 
Within the framework of the research project RENEAUSOL (from 1/1/2010 to 12/31/2012), a new 
concept of ISC was developed (figure 2a). The design of this ISC differs from the traditional systems for 
three reasons. First, solar heat from the collector is transferred at flow is injected at the lowest part of the 
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tank which is entirely insulated in order to reduce the losses and to prevent from reaching the freezing 
conditions. In addition, the storage tank is distributed on the whole back surface of the collector in order 
to reduce its thickness and to facilitate its integration to the building. Finally, the storage tank is not 
pressurized due to the presence of the domestic water heat exchanger. In the RENEAUSOL project, two 
important points were studied: the architectural integration of the ISC during a renovation with the 
creation of a new living space (figure 2b) and the ICS energy efficiency. The article presents primarily the 
second point: thermal stratification in the storage tank (study of convection phenomena within a cavity 
heated at the lower part by means of Particle Image Velocimetry (PIV) measurements and CFD 
simulations) and annual performances (experimental validation of an analogical model of ISC, then 
assessment of the annual solar fraction). The initial setup of the prototype in the RENEAUSOL project 
envisaged heat pipes slightly longer than 1m and functioning with a negative slope (figure 2a). The 
project puts forward the fact that there does not exist technological solution (capillary heat pipe, “bubble 
pump” and pulsated) functioning under these conditions. This is why the solar loop of the prototype uses 
a pump directly coupled with a small photovoltaic module (figure 2c). 
 
   
                                 (a)                                                                         (b)                                                              (c) 
Fig. 2. (a) Initial Concept of the ISC; (b) example of energy and architectural restoration with creation of new volumes; (c) 
prototype manufactured and tested  
 
2. Study of thermal stratification within a cavity heated at the lower part [3] 
2.1. Experimental study of stratification within the cavity 
As largely shown by literature, ICS performances depend on the stratification within the storage tank 
[4-10]. We thus carried out an experimental study on the convective heat exchanges within a cavity 
heated at the lower part. The studied cavity is 1.3m high, 0.3m wide and 0.1m thick (figure 3a and 3b). Its 
aspect ratio is high (13). The lower part of the top wall (0.2*0.6m) is heated by three heaters. The studied 
part of the cavity is the central zone which has two side walls considered as quasi adiabatic. One of them 
is not equipped with temperature sensors as it is used as an optical window for the PIV [11]. The second 
is used in particular as a support for the temperature sensors in the cavity (figure 3a). 
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                                                        (a)                                                                                                     (b) 
Fig. 3. (A) Diagram of the positioning of the temperature sensors within the cavities; (b) photo of the device 
We considered three angles of inclination (30°, 45° and 60°) and three values of flux density (1800, 
3600 and 5400 W/m²). We studied the case without and with stratification plate which channels the 
heated fluid in the higher part of the cavity, as indicated on the initial concept of ISC (figure 2a). In the 
configuration with stratification plate, the angle is 45° and the power injected 3600 W/m ². The channel 
created with the plate is 8 mm thick. The experiment proceeds under transient conditions and we limited 
the duration of measurement to 4 hours. The PIV results show that the flow structure in the cavity 
presents a two-dimensional lower part and a three-dimensional higher part. The size of the three-
dimensional zone depends on the Rayleigh number and increases with time. 
 
Figure 4 shows the low level of stratification obtained in experiments with and without stratification 
plate. Without plate, velocities related to the development of the boundary layer along the heated zone 
induced velocities higher than 1 cm/s, leading to the mixing of the fluid within the cavity. The use of the 
plate did not strongly increase the pressure drop considering the channel thickness and the low velocities. 
Although velocities decreased with the plate, it did not improve the stratification appreciably. 
Nevertheless, the fact that it separates ascending from descending flows increased the length of the two-
dimensional zone, making it possible to use a 2D CFD model and saving a large amount of computation 
time for the detailed study of the stratification plate. 
 
Fig. 4. Weak stratification within the cavity without/with plate (difference in temperature Ti - Tinitial within the cavity for the cases 
A45P36 and A45P36plaque) 
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2.2. Numerical study of the stratification 
Experimental results (PIV) are used to validate a CFD model run with the ANSYS-CFX software [12]. 
We tested three RANS-type turbulence models as well as the laminar model. The k-Z model presents a 
good description of the phenomena close to the walls, but the structures in the center of the cavity, mainly 
at the outlet of the channel, were not well described (evolution of the plume and vorticity). The SST 
model was the most effective. The cold layer at the lower wall of the cavity, x=0.1m (cf figure 3a) was 
predicted by none of the models. 
 
In order to decrease velocities within the cavity, we decreased the channel thickness and thus increased 
the pressure drop. Nevertheless, the pressure drop must be limited because the increase in plate 
temperature involves the formation of a boundary layer on the cavity side (figure 5a). By reducing the 
thickness of the channel, the boundary layer thus formed can mix the fluid within the cavity as if there 
were no plate. The stratification presents an optimum when the channel thickness is of about 2mm with a 
PMMA plate (conductivity of 0.2 W.m-1.K-1). A decrease in the thickness to 1mm can be more effective if 
the thermal insulation of the plate is higher in order to prevent the formation of the boundary layer (figure 
5b). 
 
                  
                                                             (a)                                                                                                        (b) 
Fig. 5. (a) Influence thickness of channel related to the plate of stratification (conductivity of the plate of 0.2W/(m.K); (b) Influences 
thermal conductivity (channel thickness of 1mm) 
3. Study of the ICS performances 
3.1. Modelling of the ISC [3] 
We developed a numerical model of the ISC by modifying an existing model, the type-541 of the 
TRNSYS software [13]. The modification relates to the channel which comprises two zones: the lower 
zone related to the heated zone exchanges heat with the lower part of storage (type-541) and the higher 
zone is cooled because of the exchanges with the storage area and the losses to ambient. The output of the 
channel is connected to storage through the injection node. The pressure drop is taken into account 
according to the channel length and thickness. The heat balance of each zone is written in the following 
way: 
 
   11111112.1.11 cSScScininaccc TTAUTTCpmAqdt
dTC        (1) 
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Balance between the pressure loss and the thermal lift is written in the form: 
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3.2. Validation of the model of ISC 
The numerical model of the ISC developed under TRNSYS was validated with the experimental 
results obtained from the prototype (figure 2c). Concerning the role of the channel, we used the results 
from PIV data (figure 3) in the case of the cavity with stratification plate (channel thickness of 8mm).  
Then, it was validated compared to a set of numerical results (CFD) for which we varied the channel 
thickness (1, 2 and 3mm), the cavity volume (100, 150 and 200 L), the injected flux density (1800 and 
3600 W/m²) and the angle of inclination (30 and 45°).  Figure 6 illustrates the temperatures obtained with 
CFD simulations and the TRNSYS model (10 nodes) for the case of a channel thickness of 3mm, with a 
flux density of 1800 and 3600W/m². 
 
Fig. 6. Comparison of CFD and TRNSYS models (10 nodes) in the case of flux densities of 1800 and 3600W/m ² 
The load and discharge tests on the prototype allowed the parameters of the global analogical model of 
the ISC to be identified (collector, storage with stratification plate, solar exchanger, DHW heat 
exchanger). Initially, we identified the total heat loss coefficient of the ISC (1.59 W/K). Then, we 
determined the DHW heat exchanger parameters and the inertia of the storage envelope whose thickness 
had to be increased for mechanical reasons. The parameters of the collector and the solar heat exchanger 
were also identified based on the tests. Lastly, we carried out combined tests of load and discharge which 
showed a good experimental/numerical match for temperatures within the tank and the collector (figure 
7). These tests were carried out according to the ISO standard 9459-5 “Solar heating - Domestic water 
heating systems - System performance characterization by means of whole-system tests and computer 
simulation”. 
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Fig. 7. Experimental /TRNSYS comparison (Solar radiation 1000W/m ² and specific discharges of 35 liters/10°C/600 l/h) 
3.3. Annual Performances 
We then carried out annual simulations of the ISC using TRNSYS software. Simulations were carried 
out for the climate of Chambéry (France) with a domestic hot water drawing up of 200 L/day at a 
temperature of 45°C. For a slope of 30° and a surface of collector of 2 m², solar energy fraction is 38% 
(figure 8). A complementary study with a surface of solar panels and a storage volume increased by 50% 
(3m ²) leads to a solar fraction close to 50%.  
 
 
Fig. 8. Evolution of the solar fraction (surface of the ISC: 2m ²) 
4. Conclusion 
The multidisciplinary approach of the RENEAUSOL project allows considering various topics 
(convection phenomena, manufacturing and evaluation of a prototype) with a multi criteria approach 
(aesthetical, industrial, scientific…). Concerning the technological results obtained, an important point 
relates to the heat pipes. There does not exist solution allowing an operation against gravity on the current 
height of the ISC (1.2m). That leads us to modify the prototype initially envisaged by coupling directly 
the pump with a small PV module which allows preserving the “passive” functioning of the ISC. 
Concerning the integration to the building, the weight of the ISC requires obviously a modification of the 
envelope in the case of a completely integrated solution. A very constraining technical point is the risk of 
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frost. It can be avoided by the high storage insulation, strongly limiting at the same time the storage losses 
in spite of the low compactness of the ISC. 
 
From a scientific point of view, three axes were considered: 
- The comprehension of natural convection phenomena in a cavity heated at the lower part with a high 
aspect ratio. The experiments revealed the weak stratification in the case without plate: 3D structures 
and high velocities leading to fluid mixing in the storage. The stratification plate makes the flow 
become 2D, reducing the CPU time in simulations. CFD simulations showed that the reduction of the 
channel thickness strongly improves the stratification when the plate is thermally insulated.    
- The experimental and theoretical study of the heat pipes shows that the use of capillary heat pipes is 
not possible, while the pulsated heat pipes did not give convincing results.   
- The analogical model of the ISC developed under TRNSYS was validated with the experimental 
results obtained from the tests on the prototype. The annual energy performances obtained are 
promising with 40% of solar fraction for a surface of collector of only 2m². 
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